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Abstract

In this study, the fracture properties of a FeCr1aNigsSis (wt %) austenitic stainless steel grain boundaries
(GB) oxidized in Pressurized Water Reactor (PWR) environment are assessed. The alloy chemical
composition mimics the composition of 304 / 316 stainless steels GBs after irradiation, making the
results obtained relevant for Irradiation-Assisted Stress Corrosion Cracking (IASCC). Oxidation tests
have been performed in nominal PWR environment for 3680h and 7470h. The oxidized samples have been
characterized through Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM)
to quantify the chemical compositions and thicknesses of bulk and intergranular oxides. Micro-cantilevers
beams containing a single grain boundary have been milled on oxidized samples using Focused Ion Beam
(FIB) and tested in-situ SEM at room temperature. Intergranular cracking has been observed in 12
micro-beams, either within the GB oxide or at the oxide / metal interface. The Coupled Criterion (CC)
theoretical framework for crack nucleation has first been used to obtain estimates of the fracture properties.
These estimates have then been refined by comparing the experimental results to Finite Element (FE)
simulations using Cohesive Zone Model (CZM). A good agreement for the macroscopic fracture load is
obtained with a fracture energy v. ~ 11 +3J.m~2 and a strength o. ~ 1000 + 250MPa of the oxide. These
values are finally compared to the results available in the literature, as well as critically assessed with

respect to their dependence to the experimental and numerical parameters.

Keywords: Austenitic stainless steel, Oxidation, PWR environment, Intergranular cracking, Grain

boundary fracture properties

1. Introduction

InterGranular Stress Corrosion Cracking (IGSCC) is a degradation phenomenon observed for a wide
range of materials and applications [1, 2]. After an incubation phase, cracks initiate and propagate along
grain boundaries (GB) [3, 4] as a result of the interaction between the material corrosion susceptibility,
the corrosive environment and the mechanical loading. IGSCC occurrences are observed in materials used
in nuclear power plants [5, 6] such as Ni-based alloys used in steam generators [7, 8] and austenitic steels
used for structural applications [9, 10]. Focusing on austenitic stainless steels used in Pressurized Water
Reactors (PWR), IGSCC has been reported numerous times in primary and secondary circuits, for example
in cold worked materials [11] or in situations involving a pollution of the environment and / or occluded
conditions [12]. Recent occurrences include safety injection system piping [13] and baffle-former bolts of
the reactor core internal structures [14]. The latter case is specifically referred to as Irradiation-Assisted
Stress Corrosion Cracking (IASCC) [15, 16]. Irradiation creates changes in the microstructure such as
Frank dislocation loops, black dots, precipitates [17] as well as changes of chemical composition at GBs
called Radiation Induced Segregation (RIS) [18]. These changes affect both the mechanical behavior -
through irradiation-induced hardening [19] and changes in deformation mechanisms [20] - and the oxidation

behavior [21, 22], leading to an increase in the susceptibility of austenitic stainless steels to IGSCC.
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A key milestone towards the modeling of IGSCC / TASCC for austenitic stainless steels is the
quantitative prediction of crack initiation. Several modeling strategies have been proposed in the literature.
Some of these models aim at predicting fracture initiation at the component scale, i.e., providing
macroscopic load and time to failure. Dose-dependent stress thresholds under which IGSCC is unlikely
were also elaborated for irradiated austenitic stainless steels [23, 24]. Similarly, probabilistic models to
estimate the time of IGSCC initiation were recently proposed for such irradiated austenitic stainless
steels [25, 26]. However, these models heavily rely on experimental data obtained on neutron irradiated
materials tested in shielded autoclaves for calibration. Physically-based models have been proposed to
overcome this issue and to predict cracking initiation at the microstructure scale. Basically, these models
combine local stress / strain fields at the grain boundaries and a local fracture criterion to predict IG crack
initiation. Prediction of intergranular stresses can be either analytical or numerical. In the latter case,
polycrystalline aggregates simulations have been refined over the years [27, 28] benefiting from advances
on crystal plasticity constitutive equations [29]. This approach has been used to assess local stress criteria
for crack nucleation for unirradiated and irradiated austenitic stainless steels, using analytical [30, 31]
or numerical [32, 33, 34, 35] predictions of local stress fields. For highly irradiated materials where
the dislocation channelling deformation mechanism is dominant, a similar approach has been proposed
which considers stresses at the interface between dislocation channels and grain boundaries [36, 37]. An
intermediate modeling approach between phenomenological component scale models and physically-based
microstructure scale models has also been proposed [38, 39] where component scale simulations results are
used as inputs of microstructure scale estimations of local strain / stress fields.

All studies reported hereabove at the microstructure scale require a GB cracking criterion. Some of
them use a critical stress criterion [35] while others use a coupled criterion based on both fracture energy
and fracture strength [37]. Only a few works have been devoted to the determination of the fracture
properties of austenitic stainless steel grain boundaries oxidized in PWR environment. A duplex oxide
layer is typically formed with a Fe-rich discontinuous outer layer and Cr-rich continuous inner layer [22].
The inner layer, that extends deeper at grain boundaries [40, 41], has a spinel structure of composition
(Niy, Fe;_4)Cra0y4. The room temperature fracture properties of this type of oxyde have been predicted
theoretically [42], leading to a fracture energy of about 11J.m~2 for FeCr,O4 and 3J.m~2 for NiCryOy,
and a strength of about 27GPa for FeCroO4 and 10GPa for NiCryO4. These values are in qualitative
agreement with results obtained using Molecular Dynamics (MD) simulations [43] that lead to a fracture
energy 7. € [2 — 6]J.m~? and a strength 0. € [9 — 14]GPa. However, the fracture properties of spinel
oxides grown at grain boundaries might differ from the values obtained for perfect spinels.

Experimentally, micro-cantilever bending tests have been used recently to assess the fracture energy
and strength for bulk brittle materials and embrittled grain boundaries [44, 45, 46, 47]. Using this method,
the fracture properties of Inconel 600 GB oxidized in PWR environment for different durations have been
determined [47, 48, 49]. As intergranular oxides formed in Inconel 600 in PWR, environment are also spinel
type (Fe, Cr)30y4, the data reported in these experiments - v, € [1 — 4]J.m~2 and o, € [350 — 1350]MPa
- might give first estimates on the intergranular oxide fracture properties for austenitic stainless steels.
However, to the best of the authors’ knowledge, there exists no experimental data for the fracture properties
of austenitic stainless steel grain boundaries oxidized in PWR, environment. The objective of this study is
thus to perform micro-mechanical tests on micro-cantilevers containing austenitic stainless steel grain
boundaries oxidized in PWR environment in order to assess their fracture properties.

The paper is organized as follows. In a first part, the material and experimental methods are described.
This includes the description of the material, the oxidation experiments, the characterization of the
oxides, the protocol to prepare the micro-cantilevers, the testing procedure as well the description of the
theoretical framework and numerical simulations used to analyse the experiments. In a second part, the
characterization of GBs after oxidation and the results of the micro-cantilever tests are described, as well
as the results of the numerical simulations leading to an estimation of the fracture properties. In a third
part, these properties are compared to the results available in the literature, as well as critically assessed

with respect to their dependence to the experimental and numerical parameters.



2. Material and methods

2.1. Material description

70 The chemical composition of the material used in this study, denoted FeCry3NigsSis (wt %) in the
following, is reported in the table 1. This composition has been chosen to emulate the enrichment of
Ni and Si and depletion of Cr at grain boundaries in austenitic stainless steel 304 / 316 irradiated in
PWR conditions [50] as a result of Radiation-Induced Segregation (RIS) [51]. This material can thus be
considered as a model alloy - w.r.t. the chemical composition - for investigating the oxidation behavior
s and fracture properties of oxidized grain boundaries of moderate to highly irradiated austenitic stainless
steels. Hence the results reported hereafter are expected to be relevant for the modeling of the IASCC
phenomenon for the estimation of the GB resistance to cracking. The material chosen is not as suitable to
reproduce the plasticity deformation mechanisms observed in irradiated materials, i.e., strain localization,
and thus could hardly be used to study the interaction between slip bands and grain boundaries often put
9o forward to explain to increased cracking susceptibility due to irradiation. However, according to Schramm
et al. [52] an enrichment in Si, as seen in the selected material, can lead to a decrease of the stacking
fault energy, which results in an enhancement of planar slip and therefore promote the localization of the

deformation.

Fe Cr Ni Mn Si Mo C Cu
Bal 12 26 165 3 0.02 0.012 0.24

Table 1: Chemical composition of the alloy (main elements, wt %)

The material microstructure has been characterized through Electron BackScatter Diffraction (EBSD)
&5 (Fig. 1), showing mainly austenitic phase (FCC) with a very small amount (0.2%) of ferrite (BCC), in
accordance with the prediction of Schaeffler’s diagram owing to the Cr and Ni content. Using the MTEX
toolbox [53], the average grain size has been estimated to about 11um (Fig. 1a). The comparisons of the
misorientation distribution to the McKenzie theoretical distribution (Fig.1b) shows that the material does

not have significant crystallographic texture.

.« MacKenzie profile

=== Austenite misorientation

q 23
H Frequency(%)

20 . . 30 . 40
Misorientation angle(®)

Figure 1: (a) EBSD inverse pole figure map [54] (b) distribution of the misorientation angle of the austenite phase and (c)
Pole figure

o The nature of grain boundaries is known to affect their oxidation behavior [22, 55], hence special grains
boundaries are shown in Fig. 2. 44% of the total GBs length correspond to X3 grains boundaries which
are almost immune to corrosion [55]. The distribution of GB misorientation thus presents a peak at 60°.

Other special GBs are also present but in negligible amount.
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Figure 2: (a) Special GBs identification and (b) distribution of GB misorientation angle
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The conventional mechanical properties - yield stress YS, ultimate tensile strength UTS and uniform
elongation UE - at 20°C and 350°C are reported in table 2. The material is harder than unirradiated
solution annealed 304 / 316 austenitic stainless steels used for PWR internal structures, but with yield
stress and ultimate tensile stress below the ones for which stress corrosion cracking is observed in cold-
worked or irradiated austenitic stainless steels. In addition, Resonant UltraSound method (RUS) has been
used to evaluate the Young’s modulus Y, and the Poisson’s ratio v, at room temperature following the
methodology detailed in [56].

Temperature YS UTS Elongation Y. Vm
(°C) (MPa) (MPa) % (GPa)
20 477 +5 645+ 1 23 + 2 188 0.31
350 370 £ 1 559 £ 11 20 £+ 2 - -

Table 2: Conventional mechanical properties at 20°C and 350°C: Yield strength Y'S, ultimate tensile strength UTS, uniform
elongation UE, Young’s modulus Y;, and Poisson’s ratio v, of FeCrj2NizgSis

Tensile specimens of gage length 18mm x 2mm x 2mm and bars of dimensions 18mm X 2mm x 2mm have
been extracted through electrospark machining from the FeCri5NiggSis plate. The surface of the samples
have been grinded with SiC paper from 320 grade to 2400 then polished with diamond suspension from 3
to 1pm and finally vibro-polished 10h in OPS solution to eliminate the surface hardened zone induced by
mechanical polishing.

2.2. Characterization of the IGSCC and ozidation behavior

The material is expected to be susceptible to IGSCC in PWR environment owing to its chemical compo-
sition. However, this susceptibility has to be assessed quantitatively. A Slow Strain Rate Tensile Test
(SSRT) has been carried out on a tensile specimen in a 316L static autoclave equipped with a loading
device. The simulated nominal PWR environment consists in deoxygenated high purity water with
25-35cc/kg Ha STP, 1000ppm B and 2ppm Li at a temperature of 340°C and a pressure of 155 bars. A

constant strain rate of 5.10~8s~!

is applied to the sample. Stress-strain curve is recorded and the test is
stopped when the plastic strain reached 4%, corresponding to 308h of testing. After the test, the sample
surface is observed with a Scanning Electron Microscope (SEM) in secondary electron mode to detect
and quantify intergranular cracking. As shown below, all grain boundaries are visible due to a different
contrast with respect to the interior of the grains. Cracks appear with a darker contrast and are detected

automatically based on a grayscale criterion.

In order to characterize the oxidation behavior through micro-cantilever beams, a bar sample has been

oxidized in a 316L steel static autoclave using the same environmental conditions as for the SSRT test.

Sample was hung with a wire in oxidized Zirconium to avoid galvanic coupling between the sample and the
4
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autoclave. A total oxidation time of 7470h was achieved with an interruption after 3680h where one-half
of the bar was cut and removed for characterization. After oxidation, the surface of both samples are first
observed with SEM. In order to quantify the oxides dimensions, Focus Ion Beam (FIB) is used to polish a
200pum deep cross-sectional region on the samples, allowing to measure with SEM the thicknesses of the
inner and outer oxide layers as well as the depth and width of oxide penetration at grain boundaries, as a
function of oxidation time. As shown below, oxidation is not homogeneous, thus several measurements
are made along the 200um length and average and maximum / minimum values are reported. In order
to quantify the chemical composition of the different oxide layers, a Transmission Electron Microscope
(TEM) lamella located perpendicular to the sample surface at a grain boundary has been extracted on the
7470h oxidized sample using FIB lift-out technique. Analysis has been performed using a TEM Tecnai
F20? equipped with a Energy Dispersive Spectroscopy (EDS) detector.

2.8. Characterization of oxidized grain boundaries fracture properties

The fracture properties of oxidized grain boundaries are obtained using micro-cantilever beam bending
experiments. The preparation of micro-cantilever, test conditions, post-test characterizations and analysis

are detailed in this section.

2.3.1. Micro-cantilevers milling and testing

FIB cross-sectional polishing (Fig. 3a) is carried out at 30 kV with currents from 47nA down to 2.5 nA
to mill a 150pum X 5pum X 18um trench in order to remove the oxide layer on the side of the sample.
This operation allows performing an EBSD map (Fig. 3b) to get the crystallographic orientations of the
grains and the position of grain boundaries. Locations where micro-cantilever beams can be milled are
chosen with the following requirements: in large grains (10 to 15um), including a grain boundary mostly

perpendicular and close to the surface. One example of such location is shown in Fig. 3c.

Surface sample

(a) (b) ()

Figure 3: (a) FIB cross-sectional polishing [54] (b) EBSD mapping [54] and (c) selection of the location of the micro-cantilever
beam

The fabrication of micro-cantilevers containing a single grain boundary is shown in Fig. 4. Trenches are
milled on the sides (17um x 5um x 18um) and in front (5um x 5um x 18um) of the micro-cantilevers
using current from 21nA down to 2.5nA. After a 180° rotation of the sample, a 17um x 8um x 10um
trench is milled under the micro-cantilever to cut the bottom from the bulk using currents from 21nA
down to 0.78nA. A final polishing of the micro-cantilever sides is realized at 0.78nA to obtain the final

shape and surface finish.
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Figure 4: Milling protocol of the micro-cantilever beams

This protocol leads to bi-crystalline micro-cantilever beams with an oxidized grain boundary close to
the clamped end. These beams are characterized by their dimensions (about 15um X 5um x 5um),
crystallographic orientations of both grains, thickness of the inner and outer oxides, and depth and width
of the intergranular oxide penetration. All these characteristics are reported in the results section. It
should be noted that, except for the overall dimensions, all measurements are performed only on one side
of the beams. Given the mean grain size, the choice of large grains and the typical width of the beams, it
is however expected that there is a single grain along the width. On some samples, the heterogeneous
external oxide layer has been removed (Fig. 5) in order to assess its potential effect on the measured

fracture properties.

Micro-beam surface after removing
crystallites

—

Figure 5: (a) Milling of the micro-beam: presence of surface crystallites (b) Surface of the micro-beam after crystallites
removal

Bending tests are carried out on the micro-cantilever beams in a HeliosNanoLab600i FIB/SEM (FEI) at
room temperature using a FT-NMT-04 (FemtoTools) micro-testing device in displacement-control mode.
The free end of the cantilever is loaded using a Berkovich indenter tip at a displacement rate of 20nm.s~!
(Fig. 6a) up to the fracture of the grain boundary and / or significant plasticity. Load-displacement
curve is recorded. Due to the high axial rigidity of the device, it has been checked that the displacement
measured by the testing device corresponds to the displacement of the beam at the loading point, hence
no correction of the displacement is made in the following. The use of a Berkovich indenter allows to
precisely mark the loading point, facilitating the measure of the distance from the loading point to the
clamped end, which is needed for further analysis. No deep indentation of the beam by the Berkovich tip
was observed after the tests, allowing us to use the displacement values without correction. As shown in
Fig. 6a, in-situ experiments and locating the micro-cantilever beams on the edge of the samples allow to

correlate load-displacement curves to microscopic events.
6
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Figure 6: SEM observation (a) at the beginning and (b) at the end of the bending test on the micro-cantilever beam
2.8.2. Post-test characterization

After the tests, SEM observations of the micro-cantilever beams are performed on the top surface and the
side surface not visible during the tests (Fig. 6b) in order to visualize cracks and to estimate fracture
surface. Two different methods are used. For all tests, an estimate of the fracture surface is obtained by
measuring the crack depths on both sides of the micro-cantilever beam as well as the crack trace on the
top surface, and assuming a linear variation of the (planar) crack front along the width. As this estimation
relies on rather strong assumptions, another technique, referred to as 3D tomography in the following, has
been used for some beams. FIB along with the Slice&View software is used to remove a slice on the side
of the micro-beam using the ion Ga™ beam at 0.23nA followed by a picture with the electron imaging
system (Fig. 7). The sequence is repeated until all the beam volume has been removed. The slice width
is chosen between 50 and 100nm, leading to a set of 50 to 490 pictures depending on beams. Fiji and
Matlab softwares are then used to evaluate the fracture surface based on the Delaunay triangulation of
the crack coordinates. In addition, the ORS Dragonfly software [57] has also been used to visualize the

crack volume within the micro-beam.
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Figure 7: 3D tomography protocol used to evaluate fracture surfaces

2.8.8. Analysis of the experiments

Two kinds of micro-cantilever beam tests are performed in the literature, depending on the presence of
an initial crack / notch or not. In the former case, crack propagation is assessed, and the associated
mechanical quantity is the fracture toughness / fracture energy [58]. In the latter case, which is the one
considered in this study, crack initiation is investigated. The Coupled Criterion (CC) [59] has been shown
to lead to prediction of crack initiation in brittle materials in agreement with experimental observations.
According to this model, cracking initiation over a surface S, occurs when both a stress and energy criteria
are satisfied. The stress criterion states that the stress o should be higher or equal to the strength of the

material o, which is the first material fracture property:
o(x€S.)>o, (1)

The energy criterion is the same as Griffith’s criterion and states that the variation of elastic energy in

the system due to cracking AE (counted positively) should be higher than the fracture energy:
A&y > YeSe (2)

where -, is the surface fracture energy, the second material fracture property. For a particular experiment,
satisfying Eq. 1 and Eq. 2 allows finding both the macroscopic load for crack initiation and the crack
size. In the presence of a pre-existing crack, the stress criterion (Eq. 1) is satisfied at the crack tip due to
the stress singularity, and the coupled criterion tends towards the Griffith’s criterion. While the coupled
criterion has been shown to lead to good predictions with respect to experimental observations, Egs. 1, 2
shows that estimating the fracture properties is not straightforward. First, only upper-bounds of o. and
7. can be obtained in general due to the presence of inequalities in Eqs. 1, 2. Second, the relevant stress
value in Eq. 1 is a matter of question. Third, as crack initiation over a finite size (thus satisfying Eq. 1)
can be followed by crack propagation (where Eq. 1 is automatically satisfied due to the stress singularity),
applying Eq. 1 is in fact not as simple as it may seem. This theory is used in the following to analyze
each experiment separately by assuming that (1) the relevant stress in Eq. 1 is the maximal principal
stress in the intergranular oxide, (2) Egs. 1, 2 are equalities, but keeping in mind that then the values

obtained for o. and . are upper-bounds.
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As shown in the results section, Eq. 2 can be applied directly using the load-displacement curves to
compute the release of elastic energy associated with cracking. However, a model is required to estimate
the stresses in the beam to apply Eq. 1. One way consists in using elastic beam theory that gives the
relation between the applied load / displacement and the geometrical parameters characterizing the beam
and the local stresses. However, this method suffers from various drawbacks: elastic beam theory relies on
the assumption of homogeneity of the material and large slenderness ratio. These two assumptions are
not valid for the beam considered due the the presence of two grains and the oxide layer as well as rather
short beams w.r.t. the thickness. Hence, this method leads to crude estimates of local stresses. Therefore,
Finite Element simulations have been performed to compute local stresses. For each micro-cantilever
beam, a mesh composed of linear elements is constructed using the geometrical parameters measured
experimentally, i.e., overall dimensions of the beam, presence of the two grains, of the oxide layer and of
the intergranular oxide penetration and inclination of the grain boundary. A typical finite element mesh
is shown in Fig. 8. The dimensions of the support to which the beam is attached and the mesh density

have been selected to ensure that they do not affect the results.

F

Z
ILY
b |

Figure 8: Typical mesh of a micro-cantilever beam where the different colors correspond to the grains (white / blue) and the
oxide red)

Lateral and bottom surface of the support are clamped, and a force is applied at the loading point. The
materials (grains, oxide) are assumed to follow Hooke’s law, with cubic elasticity for the FCC grains and
isotropic elasticity for the oxide. Cubic elasticity requires three input parameters, Cy1, C12 and Cyy that
fully define the stiffness tensor [60]. These parameters are obtained from the polycrystalline elasticity
moduli Y, and v, (Table 2) using (1) the Hershey-Kroner-Eshelby model to relate C;; to the shear
modulus i = Y /[2(1 + v )] [61], (2) a constant bulk modulus at the polycrystalline and single crystal
scale K, = Y, /[3(1 — 2vy,] = [C7} +2C73]/3 and (3) assuming that the Zener ratio Z = 2C7};/[C7} — CT3]
is equal to Z = 3.5 [61]. Solving these equations leads to the following elastic constants C}}=209GPa,
C73=143GPa and CJ;=116GPa. Assuming that the (inner) oxide is polycrystalline and isotropic at the
scale considered, the corresponding Young’s modulus Y,, and Poisson ratio v,, are computed as follows.
Crystal scale cubic elastic parameters for FeCroOy4 (resp. NiCrpOy) spinels have been estimated from
Molecular Dynamics simulations at room temperature, leading to C?7=272GPa (resp. C{7=287GPa),

02=130GPa (resp. C{5=190GPa) and C9=94GPa (resp. C55=86GPa) [62]. The corresponding bulk
and shear moduli at the polycrystalline scale can then be computed using the equations detailed hereabove,
allowing to obtain Y,, = 218GPa / v,, = 0.29 for FeCry0y4, and Y,, = 187GPa / v,, = 0.36 for NiCryOy4.
As detailed in the results, the inner oxide layer chemical composition is more complex than these two
limiting cases, but the ratio of Fe over Ni is close to 1. Hence, in the following, average values are used:
Y,. = 202MPa / v,, = 0.32. All simulations have been performed using the Cast3M 2022 finite element
solver [63] under small strain assumption. For a given applied load, the maximal and minimal largest
principal stress o; in the intergranular oxide are extracted from the simulation to use Eq. 1. Note finally
that these simulations require the crystallographic orientations of the grains as input parameters. For
some cases, this information was not available. Hence, isotropic elasticity was assumed for the grains with
the same moduli as for the oxide. This allows accounting for the effect of beam geometry on the local

stresses, but not for the elastic mismatch between the grains and the oxide.
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The previous type of simulations aims at estimating the local stresses in the micro-cantilever beams. A
second type of simulations is also used in this study, similar to the previous one but adding Cohesive
Zone Model (CZM) elements inside the intergranular oxide. More precisely, CZM elements are added
on the plane where the GB initially lies. These 2D elements relies on a traction-separation law that
link the normal ¢,, and tangential ¢; stresses to the normal Au, and tangential Awu; displacement jumps.

Tvergaard model is used in the following [64]:

th=¢ 4 ° ¢ )
kAu, otherwise

27 Au, Au, \° .
= _ >
o max (1 ,O) if Au, >0 t = kA (3)

that aims at modelling cracking. This model requires two parameters, the strength o. and the critical
opening ¢ or alternatively the fracture energy 7. = [9/16]o.d. Thus, the fracture parameters obtained
with the previous type of simulations can be used as input data to assess their capacity to predict the
cracking. The stiffness k is set to a value high enough to have no effect on the results, k = 10''MPa.m™!.
More advanced models have been proposed in the literature accounting for shear failure, at the expense of
additional parameters [65]. Here the simplest model is used to assess the two main fracture properties,
but its use is restricted to situations where mode I failure prevails. Note finally that contrary to bilinear
models widely used in the literature [65], the stiffness of the CZM element in opening mode (Au, > 0))
depends on the fracture parameters. However, the range of values of o, and ¢ used in the following leads
to stiffness high enough to have a negligible effect on most simulations. Simulations are performed to
predict the load-displacement curves, including cracking if any. As CZM may lead to snap-back events,
thus compromising convergence of the numerical algorithm, a path-following technique available in Cast3M
2022 is used: a constant increase of the opening of the CZM element at the free surface is prescribed, and

the displacement at the loading point is found as a result.

3. Results

3.1. Intergranular cracking susceptibility and oxidation behavior

SEM observations of the tensile specimen surface after the SSRT test in PWR environment is shown
in Fig. 9. A homogeneous oxide layer has been formed on the sample with almost no visible crystallite.
The grain boundaries exhibit a distinctive contrast from the interior of the grains, indicating a difference
in the oxide layer. Observations at higher magnification show that the highest contrast corresponds to
intergranular cracks, allowing to set a grayscale threshold above which cracks are detected. Crack density
is estimated to be about 300mm~2 with a mean crack length of 25um (for a mean grain size that has been
evaluated to 11pum). These values can be compared to the typical values obtained for irradiated austenitic
stainless steels tested in PWR environment. Crack densities of about 300mm ™2 have been reported in
[66] for various irradiation conditions of a SA304L steel SSRT tested to 4% plastic strain, with mean
crack size of about 17um, for a grain size of about 21um. For similar conditions and material, lower crack
densities have been reported in [67]. Clearly, the evaluation of crack densities from surface observations
depends on the detection method used, but qualitative conclusions can nevertheless be drawn from the
previous results. FeCr15NigsSis alloy is susceptible to IGSCC in PWR environment, with a susceptibility -
as measured through crack densities and relative crack size (w.r.t. to the grain size) for a given strain - on
the same order or higher than the one of irradiated 304 steel. This observation confirms the effect of the
local chemical composition observed in irradiated 304 / 316 GB on the IGSCC susceptibility.
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Figure 9: SEM observations of the tensile specimen surface after SSRT test in PWR environment

SSRT test corresponds to rather short oxidation time (308h). SEM observations of the surface of bars
oxidized for 3680h and 7470h are shown in Fig. 10. Contrary to what has been observed in Fig. 9, the
oxide layer is very heterogeneous, with presence of large crystallites. Fig. 10b shows a strong dependence
of the oxide growth to the underlying microstructure, as the different grains can almost be detected from
these images. These observations are different from the ones obtained on 304 / 316 stainless steel [68] for

similar oxidation time, but closer to what is observed on Nickel-based alloys.

Figure 10: Typical SEM observations of the bar surfaces after (a) 3680h and (b) 7470h oxidation in PWR environment [54]

Typical SEM observations on the bars cross-section are shown in Fig. 11. These observations first confirm
the heterogeneous nature of the outer oxide layer observed from the surface, with presence (Fig. 11a) or
absence (Fig. 11b) of crystallites. Second, a continuous oxide layer - denoted as inner oxide layer in the
following - is observed. This layer is more homogeneous, but still presents significant thickness variations.
Third, preferential oxidation is observed at grain boundaries, with intergranular oxide penetration up to
about 1pum. Again, significant variations are observed from one grain boundary to another, as shown in
Fig. 11.

X GB oxide —

GB oxide /

Figure 11: Typical SEM observations of the bars cross section after (a) 3680h and (b) 7470h oxidation in PWR environment
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The SEM observations of the oxide layers show an important surface and intergranular oxidation. The
geometrical properties of the oxide layer formed after 3680h and 7470h are reported in Tab. 3 according
to the methodology described in Section 2.2. No significant difference of the oxide layer is observed as a
function of oxidation time. Hence both samples are not distinguished in the following. Compared to 304 /
316 austenitic stainless steels, the inner oxide thickness and intergranular oxide depth are larger than
what is usually reported at 340°C - which is the relevant temperature for PWR internals structures - but
somewhat closer to observations made at 290°C [40]. This is in agreement with the results available in
the literature regarding the effect of Cr, Ni and Si content on oxidation behavior of austenitic stainless

steels in PWR environment [69].

Oxidation Crystallites Inner oxide Intergranular oxide Intergranular oxide

duration  height (um) thickness (nm) depth (um) width (um)
3680h 0.6 +0.1 113 £+ 65 1.0+ 0.2 0.5+0.1
7470h 0.9 £ 0.2 123 £ 19 1.2 £0.2 0.6 £0.2

Table 3: Geometrical properties of oxides formed on the FeCrjaNiggSis steel oxidized 3680h and 7470h in PWR environment

The oxides chemical composition has been analyzed using TEM-EDS for the surface and GB oxides. EDS
maps of the main chemical elements are shown in Fig. 12. Several observations can be made from these
measurements. The crystallites are mainly composed of Fe and O, and to a lesser extent of Ni. These
crystallites are not in contact directly with the underlying material but with an inner oxide layer enriched
in Cr and Si. The intergranular oxide has the same composition and can thus be considered as part of the
inner layer. Other elements such as Ca (and to a lesser extent Zn) have also been detected in significant

amount in the inner oxide layer.

CEEONEECEEEEERE

1
CEEONIECEEEELEE

Figure 12: TEM-EDS elemental mapping of a cross-section of a bar after 7470h in PWR environment. Pt corresponds to the
layer deposited on the sample surface before the FIB processing of the TEM foil. Regions delimited by yellow and green
curves are used to determine the outer and inner layer composition, respectively.

The composition of the surface crystallite / outer layer and the inner oxide layer, averaged over the areas
shown in Fig. 12, are reported in Tab. 4. The analysis leads to global compositions of (Nig.g, Fe1.¢)FeaOy
for the outer oxide and (Nig 7Sig.5Cag.2Zng.2)(FeCr)Oy4 for the inner oxide. These oxide compositions are
more complex than those commonly encountered on 304 / 316 austenitic stainless steels. On the one
hand, the outer oxide composition is close to the magnetite Fe3O4 often reported in the literature. On
the other hand, the inner oxide composition differs significantly to the (Niy, Fej_)CraOy4 spinel oxides.
The presence of Ca and Zn, whose origin is still under investigation, complicates the comparison of the

inner oxide to other data from the literature.
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320
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330

O Fe Cr Ni Si Ca Zn Al
Crystallite 46 42 02 10 04 0 0.6 0.8
Inner oxide 51 15 14.5 8 6 3 2 0.5

Table 4: Oxides compositions (at %) measured on the TEM foil shown in Fig. 12

The results presented in this section regarding the intergranular cracking susceptibility and the oxidation
behavior of the FeCri5NiggSis alloy lead to the following conclusions. The material, chosen as a model alloy
regarding the effect of irradiation on 304 / 316 steel on GB local chemistry, is indeed both susceptible to
intergranular oxidation and to IGSCC in PWR environment. The chemical composition of the intergranular
oxides differs however from the ones usually reported for 304 / 316 steels. In the next section, the fracture

properties of these intergranular oxides are assessed with the micro-cantilever beams bending tests.

3.2. Mechanical tests

Fig. 13 shows the load displacement curves for all micro-cantilever beams tested in this study. A linear
elastic regime is observed for each test, followed for some of them by a non-linear plasticity regime. For 12
out of 16 tests, a load drop can be seen in the elastic regime or early in the plastic regime that corresponds
to the initiation and propagation of a crack in the intergranular oxide visible in SEM side images. In
some cases, multiple load drops can be observed, as for Micro-beam1-0x7470h and Micro-beam2-0x7470h
in Fig. 13b, that corresponds to multiple cracking of the outer oxide layer outside the oxidized grain
boundary. A significant scatter regarding failure load and elastic slope is also observed coming mainly
from the differences of beam dimensions as shown in the simulations, and to a lesser extent to differences

of the crystallographic orientations of the grains and of the thickness of the oxide layer.
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Figure 13: Load - Displacement curves from the micro-cantilever beam bending experiments: (a) 3680h and (b) 7470h
oxidized samples data

The two typical load displacement curves are presented in Fig. 14 where cracking occurs in the elastic
regime (Fig. 14a) or after early stage of plastic deformation (Fig. 14b). Critical forces just before and
after cracking denoted F! and F?2, respectively, are extracted for each test. The associated displacement
0. is also extracted. In absence of significant plasticity, d. is simply the displacement for which cracking
occurs. Otherwise, d. is defined as the elastic part of the displacement (Fig. 14b). As detailed below, this
allows to compute the release of elastic energy due to cracking.
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Figure 14: Typical Load - Displacement curves from the micro-cantilever testing with intergranular fracture allowing to
obtain load before F! and after F2 failure and the elastic displacement at failure §. (a) in absence or (b) in presence of
plasticity. The associated elastic energy release corresponds to the shaded areas.

Typical SEM observation of a beam after testing is shown in Fig. 15a. A main crack is observed at the
oxidized grain boundary, that can be located either at the metal / oxide interface (7/12, Fig. 15b) or
within the intergranular oxide (5/12, Fig. 15c). For all tests leading to fracture, the intergranular crack
initiates and propagates at the load drop on a length equal to the depth of the intergranular oxide, and
do not propagate further upon additional loading. Additional cracks may also be observed on the outer
oxide layer, as shown in Fig. 15a. The depths of the intergranular crack on both side of the beam have

been measured in order to compute a first estimate of the fracture surface, as described in Section 2.3.2.

Surface oxide

GB crack/

Figure 15: (a) Typical SEM observations of a micro-beam with a GB crack after the bending test. Cracks may be (b) at the
interface between the metal and the oxide or (c) within the intergranular oxide

For 5 out of 12 beams, 3D tomography has been used to estimate the crack surface. In all cases, the
crack surface measured by tomography is greater that the one estimated by measuring the depth of the
crack on each side of the beam and assuming a linear variation of the crack front along the width. For
Micro-beam4-0x7470h, the difference between the two techniques is minor (15um? vs. 15.4uym?), but in
other case like Micro-beam5-0x3680h, the cracking surface measured by tomography is three times larger.
Fig. 16 shows the 3D reconstruction of the crack path for one of these beams. The crack path appears to
be tortuous, also exhibiting branching, explaining the differences than can be observed between the simple
estimate of crack surface and 3D tomography measurements. In the following, crack surfaces reported

correspond to 3D tomography if the measurement was performed. Otherwise, the simple estimate is used.
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Figure 16: 3D visualization of the volume morphology of the crack path

The main data pertaining to crack initiation and defined in Figs. 8 and 14 are summarized in Tab. 5.

Other data relevant to perform the simulations reported in the following are given in Appendix A.

Length (L) Width (b) Height (h) ho, F! F2 & S.

() (pum) (pum) (pm) (pN)  (uN)  (um)  (pm?)

Micro-beam1-0x3680h** 14.5 6.3 6.0 0.94 2750 2066 0.60 13.0*
Micro-beam2-0x3680h 16.2 5.3 4.7 0.92 1239 985 0.50 6.8
Micro-beam3-0x3680h 14.0 5.8 3.7 0.48 1300 1200 0.52 4.2
Micro-beam4-0x3680h 11.2 5.3 4.3 0.84 1626 1105 0.51 9.2
Micro-beam5b-ox3680h** 8.4 3.8 2.0 1.08 620 405 0.44 9.1*
Micro-beam6-0x3680h 11.5 3.4 4.0 1.30 1650 1300 0.37 5.8
Micro-beam7-0x3680h 12.8 4.1 5.4 0.98 2240 1970 0.59 6.0
Micro-beam8-0x3680h** 12.3 3.6 2.9 1.19 725 430  0.89  10.0*
Micro-beam4-ox7470h** 12.0 5.0 5.1 1.15 2790 2210 0.53 15.4*
Micro-beam5-0x7470h** 12.9 5.8 5.0 1.02 2630 2270 0.41 16.5*
Micro-beam6-0x7470h** 15.3 5.0 5.0 0.36 1550 1526  0.42 2.0
Micro-beam8-ox7470h** 14.7 5.0 4.9 1.34 1646 1540 0.55 7.0

Table 5: Main geometrical parameters and results of the micro-cantilever bending tests. Data marked by ** differentiate
failure at the metal / oxide interface from failure within the intergranular the oxide. Fracture surface marked by * have been
measured with 3D tomography.

3.8. Estimation of fracture properties

These experimental data are now used to estimate the fracture properties. The elastic energy release due

to cracking can be computed as:
( C 2 [4 ) c ( 1)

which corresponds to the shaded areas in Fig. 14. Eq. 4 is used as an estimate of the fracture energy

A& =

7. through Eq. 2, leading to the results shown in Fig. 17a. The estimated fracture energy ranges from
2J.m~2 to 15J.m~2, which is in the range of theoretical and numerical data reported in the literature for
(Fe, Ni)Cry0y spinel [42, 43], as discussed in the introduction. The average value for metal / oxide fracture
(8J.m~2) is slightly lower that for oxide fracture (11J.m~2). However, the elastic energy release per unit
cracking surface A&,;/S. is only a crude estimate of the real fracture energy for various reasons. First,
from a theoretical point of view, it is only an upper bound of 7, according to Eq. 2. Secondly, fracture
surface measurements have been performed at the end of the tests, i.e., with significant deformation post

fracture (Fig. 13). It is thus possible that the fracture surface areas measured are an upper bound of real
15
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fracture surface that corresponds to the load drops. Thirdly, the measurement of the cracking surface
suffers from large uncertainties as shown in the previous section. Even restricting to beams where 3D
tomography has been performed, all corresponding to metal / oxide fracture, the fracture energy estimates
ranges from 4J.m~2 to 15J.m~2 (Fig. 17a). All together, it is difficult to extract a lower bound or an
upper bound of the fracture energy from Fig. 17a, and the average values estimated for metal / oxide

(8J.m~2) and oxide (11J.m~2) fracture are considered in the following.
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Figure 17: (a) Elastic energy release computed with Eq. 4 per unit cracking surface S.. Darker color corresponds to beams
where 3D tomography was used to evaluate S¢ (b) Maximal and minimal largest principal stress o; in the intergranular
oxide computed with FE simulations for an applied load equal to F}. Shaded areas corresponds to ranges used in CZM
simulations.

max

Fig. 17b shows the maximal and minimal largest principal stress, o 1 and 7"

, in the intergranular
oxide computed with FE simulations for an applied load equal to F!, i.e., just prior to failure. For o7"e®
values lies between about 900MPa to about 2600MPa. Values computed assuming an isotropic behavior,
for cases where the crystallographic orientations of the grains were not available, are significantly lower,
showing the strong effect of both the anisotropy of the grains and the elastic mismatch between the oxide
and the grains on local stresses. This point will be further discussed in Section 4. In the following, these

data are not used. According to Eq. 1, the oxide strength is such that:
0. <mino*** (5)

to ensure that the stress criterion is satisfied for all beams at initiation, leading to a value of o, of about
1000MPa. The values of o7 are less easy to analyse. According to the coupled criterion, Eq. 1 should
apply on the whole crack path. However, this is only true in the initiation phase. The data obtained for
Micro-beam5-3680h where o™ is close to zero, i.e., the intergranular oxide extends down to the neutral
axis of the beam, show that crack initiation is followed by crack propagation, at least for some beams

tested in this study. Hence only Eq. 5 is considered for the estimation of o..

The analysis of Fig. 17 according to Eqgs. 1 and 2 thus leads to an estimate of the fracture energy
ve &~ 11J.m~2 (for the oxide) and a strength o, ~ 1000MPa. It can be noted that these values are similar
between the micro-beams from the 3680h sample, with large surface crystallites, and the micro-beams
from the 7470h sample which have their surface crystallites removed, showing the negligible effect the
outer layer has on the results. In order to refine these estimates and to assess their ability to lead to
quantitative predictions, FE simulations with CZM have been performed considering . € [8 — 14]J.m 2
and o, € [750 — 1250]MPa. Theses ranges are centered on the estimates obtained from the analysis of
Fig. 17, and a £25% is considered to assess the effect of the variation of o, and 7. on the simulation
results and on the comparison with experimental data. A typical output of such simulation is shown in
Fig. 18. Path-following technique allows to get the solid line in Fig. 18a, corresponding to the successive
equilibrium positions by which the system goes through during the cracking process, hence represent the
16
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real crack path / load-displacement curve, including the snap-back characterized by a decreasing load /
decreasing displacement as crack initiates and propagates. Complete fracture corresponds to the point
marked by a star and shown in Fig. 18b. Under displacement control, as in the experiments, the dotted
line is obtained, with a load drop corresponding to the sudden transition between uncracked and cracked
states. Key point is that, in this particular case, the elastic energy release by cracking computed with
the dotted line is higher than the fracture energy that corresponds to the shaded area in Fig. 18a, thus
leading to an overestimation of the fracture energy. In other word, Fig. 18a is a case where the energetic
criterion is satisfied before the stress criterion, so that the failure load depends only on o.. Conversely,
the case where the solid and dotted lines are superimposed appears when the stress criterion is satisfied
but the energy criterion is yet to be fulfilled, so that failure load depends only on .. For micro-beam, it

has been suggested that the latter situation may be more common due to the small sizes involved [70].
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Figure 18: (a) Typical load displacement curve obtained with FE simulations with CZM. Dotted line corresponds to the
curve that would be obtained under displacement control. Shaded area corresponds to the fracture energy. (b) Largest
principal stress field at the point marked by a star in (a).

In order to compare experimental and numerical load displacement curves unambiguously, simulations are
performed only for experimental conditions fulfilling the following conditions: available crystallographic
orientations (Tab. 6), clear load drop associated to cracking (Fig. 13), GBs far away enough from the
fixed end (d 2 h) with inclinations mostly perpendicular to the beam axis (f =~ 0) (Tab. 6). The two first
conditions allow meaningful comparisons between numerical predictions and experimental results, while the
last two ensure that cracking occurs mostly in opening mode, i.e., with minimal shear, justifying to use the
CZM model (Eq. 3). The simulations have thus been run for Micro-beam4-0x7470h, Micro-beam5-0x3680h,
Micro-beam6-0x3680h and Micro-beam8-0x3680h for different fracture energy 7. € [8 — 14]J.m~2 and
strength o. € [750 — 1250]MPa. The comparison between numerical and experimental load displacement
curves are shown in Fig. 19. A fair agreement is observed for the elastic slopes and fracture loads, without
any adjustable parameter. The agreement is especially good for Micro-beam6-0x3680h where the surface
oxide is flat and homogeneous. Deviations from the experimental data are observed for the other cases,
especially on Micro-beam4-0x7470h (Fig. 19a,b) where the oxide morphology is heterogeneous. The
experimental values are in or close to the ranges predicted by numerical simulations. This is all the more
remarkable given that the elastic energy release per unit cracking surface and maximal stress in the oxide
obtained in Fig. 17 spans A& /S, € [5 — 13]J.m~2 and o7*® € [1700 — 2600]MPa, emphasizing that, as

stated before, these quantities are only estimates of the fracture properties.
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Comparison of the CZM simulations curves with o.=[750, 1000, 1250]MPa and ~.=[8, 11, 14]J/m? and

experimental data (a)-(b) Micro-beam4-ox7470h (c)-(d) Micro-beam5-0x3680h (e)-(f)Micro-beam6-0x3680h (g)-(h)Micro-

beam8-0x3680h
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A closer look indicates that the two limiting cases described previously - v.-controlled vs. o.-controlled
fracture - are observed. Changing o, does not have an effect on the numerical curves for Micro-beam4-
7470h (Fig. 19a) while changing -, does (Fig. 19b). This v.-controlled fracture indicates that a higher
value of fracture energy reduces the difference between experimental and numerical fracture load, for
0. = 1000MPa. This also supports the assumption that the true fracture energy is higher than the
minimal value reported in Fig. 17a. Conversely, Micro-beam8-0x3680h (Fig. 19g,h) corresponds mostly
to a o.-controlled fracture (similar to the situation depicted in Fig. 18a) where the energy criterion is
fulfilled before the stress criterion. This o.-controlled fracture indicates a better agreement between
experimental and numerical fracture load for lower strength, for v, = 11J.m~2.
(Micro-beamb-0x3680h (Fig. 19¢,d) and Micro-beam6-0x3680h (Fig. 19¢,f)) correspond to situations where

both ~. and o, affect fracture load. The fact that the experimental database covers both 7.-controlled and

The two other cases

oc.-controlled fracture prevents the parameters of the CZM to be undetermined, which provides confidence

regarding the ranges of 0. and . obtained for the fracture properties of the oxide.

In summary, the numerical simulations performed by considering a fracture energy . ~ 11 +3J.m~2 and
a strength o, =~ 1000 + 250MPa lead to a fair agreement with experimental data regarding both fracture
load and load drop, encompassing the real values for three out of four micro-beams. Interestingly, these
three beams correspond to cases of metal / oxide fracture, indicating that the fracture properties obtained
are better suited for that case. No attempt was made to optimize 7. and o, as conflicting tendencies are
observed in Fig. 19. These values are thus considered as the best estimates that can be extracted from the
experimental data. In the next section, these values are first assessed with respect to their dependence to

the experimental and numerical parameters, and then compared to the results available in the literature.

4. Discussion

In the following paragraphs, we discuss the values of critical strength and fracture energy that we
obtained using combined experimental and numerical paths. On the experimental side, apart from the
difficulties already mentioned to measure precisely the surface of the crack associated with load drops, the
presence of the outer oxide layer and / or crystallites may also influence the results of the tests, as shown in
[48]. On the one hand, multiple cracking (Fig. 6b) can complicate the estimation of fracture surface associ-
ated with load drop. On the other hand, numerical simulations account for the oxide layer in a simplified
way - with a constant average thickness e, (Fig. 8) - affecting the comparisons between experiments and
numerical predictions. Some micro-beams do have a relatively smooth and / or thin outer oxide layer, either
by chance like Micro-beam6-0x3680h and Micro-beam8-0x3680h or on purpose like Micro-beam4-0x7470h

(See Section 2.3). Micro-beam5-0x3680h on the other hand exhibits a more heterogeneous outer oxide layer.

Fracture has been observed to occur either inside the intergranular oxide or at the metal / oxide interface.
A natural question is the physical origin of the fracture location, or put another way, why these two
locations can happen. Some insights can be gained by looking at the stress profile along the beam axis
(Fig. 20). Beam theory predicts a linear decrease of principal stress o from the fixed end to the free end
of the micro-cantilever. When accounting for the effect of the beam geometry but still using an isotropic
material, the decrease of the principal stress oy is still linear away from the fixed end. However when the
elastic mismatch between the intergranular oxide and the grains are taken into account, a more complex
evolution of the principal stress oy is found. In particular, maxima are found at the metal / oxide interface
and within the oxide. This provides a rationale for the occurrence of fracture either in the intergranular

oxide or at the metal / oxide interface.
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Figure 20: (a) Maximal principal stress o at the surface along the centerline of the beam, for Micro-beam6-3680h for various
modelling strategies: FE simulations with different Young’s modulus for the oxide and anisotropic elasticity for the grains,
FE simulation with isotropic elasticity for the whole beam, analytical beam theory (b) Maximal principal stress field

On the numerical side, Fig. 20a also shows the effect of the oxide properties on the estimation of the
maximal principal stress o;. In addition to the reference result using the oxide Young’s modulus FE,,
detailed in Section 2.3, two other simulations have been performed considering 0.75F,, and 1.25E,,. A
strong effect is observed on local stresses, where the higher the Young’s modulus of the oxide, the higher
the local stresses, due to the fact that the adjacent grains are basically imposing the deformation to the
intergranular oxide. Note that, for a given applied load, changing the elastic parameters of the grains in
the same way as the Young’s modulus of the oxide does not change the local stresses, showing that only
the elastic mismatch matters. This shows how important it is to have reliable estimates of the elastic
parameters of both grains and oxide. These parameters have been obtained in this study from reliable data
but in an indirect way. Performing nano-indentation could be a way to get direct estimation of the elastic

parameters, even though challenging due to the shallowness of the oxide and of the anisotropy of the grains.

The fracture properties obtained in this study can be compared to the data available in the literature.
As stated in the introduction, there is very few results in the literature on the fracture properties of
spinel oxides on austenitic stainless steels neither from experimental studies nor numerical simulations.
Moreover, no data corresponds to the exact chemical composition of the intergranular oxide of this
study (Nig.7Sig.5Cag.2Zng.2)(FeCr)O,4. Comparison are made with the few available data for NiCroO4 and
FeCry0y4. For the fracture energy 7., values ranges from about 2J.m~2 to about 11J.m~2 from theoretical
and numerical predictions [42, 43]. A value of 3.4J.m~?2 has been reported by Dugdale et al. [47] for an
oxidized GB of Inconel 600 alloy. The value obtained in this study of about 10J.m =2 falls within the upper
range of these data. For the oxide strength o, theoretical and numerical studies lead to values of a few
(tens) of GPa. However, these studies consider perfect spinels, i.e., without defects, hence probably not
relevant for real oxides. Experimental evaluations for oxidized GBs of Inconel 600 in PWR environment
lead values ranging from 575MPa [48] to 1350MPa [47]. Again the value obtained in this study of about
1000MPa falls within the range obtained in these studies. As the chemical compositions are different, this
may indicate that the dependence of fracture properties of these oxides to the chemical composition is
weak, but more studies are required to assess this point in more details. Additional comparisons can be
made between the fracture properties 7. and o, to oxide fracture stress oy used in numerical simulations
for the fracture of PWR oxidized GB in Inconel 600. Considering an oxide of depth h,, subjected to a
local stress o, fracture occurs if o > o, (stress criterion) and if the elastic energy release (0/E)h2, is
higher than fracture energy ~.hoz, hence o 2 \/m (energy criterion). The fracture stress is thus
o ~ max (0¢, /Eve/hor). A fracture stress of o = 900MPa has been proposed in [39] for an oxide
depth of 300nm, which leads to o, < 900MPa and 7, < 1J.m~2. This critical stress is consistent with
previous values, but the fracture energy is smaller. Note however that simplifications have been made in

[39] to estimate local stresses.
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5. Conclusions and Perspectives

In this study, the fracture properties of a FeCri5NisgSiz austenitic stainless steel grain boundaries
oxidized in PWR environment have been assessed through bending tests on micro-cantilever beams at

room temperature. The main results are as follows:

e The FeCr13NiggSis alloy selected to emulate the chemical composition of 304 / 316 stainless steels
grain boundaries after irradiation has been confirmed to be susceptible to IGSCC in PWR environ-
ment with a SSRT test. This susceptibility is supposed to be related to the low Cr / high Si content

according to data available in the literature.

e Oxidation experiments in PWR environment up to 7470h lead to a micron-scale duplex oxide layer
with intergranular oxide penetration up to 1.3um deep. The chemical composition measured by
TEM-EDS analysis are (Nig g, Fe; 6)FeaOy4 for the outer layer and (Nig 7Sig.5Cag.2Zng.2)(FeCr)Oy

for the inner layer and intergranular oxide.

e 16 bending tests on micro-cantilever beams containing a single oxidized grain boundary have been
carried out in-situ SEM at room temperature. 12 tests have led to fracture either at the metal /
oxide interface (7/12) or inside the intergranular oxide (5/12). Analytical and numerical evaluations
of elastic energy release per unit cracking area - an estimate of fracture energy - and maximal stress
in the intergranular oxide - an estimate of oxide strength - lead to [2—16]J.m~2 and [800 — 2600]MPa,

respectively.

e Finite Element simulations with CZM elements have been performed for selected experimental
conditions. A good agreement is obtained for fracture loads and load drops considering a fracture
energy 7, = 11 = 3J.m~? and a strength o. = 1000 & 250MPa. These values appear more suited for

fracture occurring at the metal / oxide interface.

e The fracture properties obtained are in qualitative agreement with experimental data obtained on

Inconel 600 that forms similar oxides in PWR environment.

Two main perspectives can be identified to extend this work in order to support the use of these frac-
ture properties in the modelling of IGSCC / IASCC of austenitic stainless steels. First, as stated in
Section 4, performing and interpreting these micro-cantilever bending tests remain a challenge due to
both experimental and numerical difficulties. More experiments are thus needed, with a special care
taken to perform tests easier to analyze - for example by removing the outer oxide layer, selecting GB
perpendicular to the top surface - and to assess properly all properties needed to perform the simulations
such as the elastic parameters of oxides and grains. Alternative modeling of fracture [71] could also
be considered, in which crack path is the result of the simulations and not set a priori as with the
CZM model. The second perspective would be to assess the effect of temperature on fracture properties

as IASCC of austenitic stainless steels of PWR internal structures appears at a temperature of about 300°C.
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Appendix A

535 Tab. 6 summarizes the geometrical parameters defined in Fig. 8 for the micro-beams where fracture
occurred.
dq d2 0  Wor €ox X1 Y, X2 Y,
(pm) — (pm) (pm) — (pm)

Micro-beam1-0x3680h 1.8 16 -20 0.2 0.2 - - - -
Micro-beam2-0x3680h 4.0 3.7 40 0.6 0.2 - - - -
Micro-beam3-0x3680h 4.3 4.7 15 0.2 0.1 - - - -
Micro-beam4-0x3680h 3.0 2.2 33 0.5 0.3 - - - -

Micro-beam5-0x3680h 1.4 1.7 10 0.2 0.1 [795] [1511] [567] [9410]
Micro-beam6-0x3680h 2.7 2.6 0 04 0.1 [302] [567 [252] [9112]
Micro-beam7-0x3680h 2,8 27 55 04 0.1 [1096] [419] [3112] [203]

Micro-beam8-0x3680h 1.3 1.9 32 09 0.3 [31110] [234] [1237] [6211]
Micro-beam4-ox7470h 1.0 0.7 16 05 03 [1117] [5610] [1123] [3112]
Micro-beam5-0x7470h 0.8 35 47 14 0.2 477 [9611] [964] [213]

Micro-beam6-0x7470h 2.4 3.7 -25 0.2 0.1 [61211] [9611] [474] [2511]
Micro-beam8-0x7470h 2.5 2.0 -45 08 0.1 [251]  [618] [1121] [8110]

Table 6: Geometrical parameters defining the position of the grain boundary (d1, d2 and ), the width wo. of the intergranular
oxide and average thickness of the surface oxide layer eo;. X; and Y; corresponds to the axis defined in Fig. 8 written in the
crystal frame.
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